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Abstract 
An analysis model of the carbonation is extended to simulate the attack of supercritical CO2 on cementitious 
materials. Modifications were carried out by considering physical properties of supercritical CO2. Furthermore, 
experiments were conducted for the verification of the proposed model. It is found that the proposed model provides 
good estimation under the 10% CO2 condition, while it underestimates the results under supercritical condition. The 
proposed method with modification, however, can predict general trend of carbonation under supercritical condition. 
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1. Introduction 
The leakage of sequestrated carbon dioxide is one of the primary concerns when carrying out CCS. 
Hence, the wellbore integrity is an indispensable factor to mitigate the risk of the whole project. In 
particular, the degradation of cementitious materials used as a plug of the sequestrated CO2 is regarded to 
increase the possibility of leakage. Therefore, it is of great importance to estimate the long-term progress 
of carbonation of cementitious materials caused by the attack of supercritical CO2.  
A thermodynamic coupled analytical system named DuCOM has been developed by authors to 
simulate degradation phenomenon and behaviours of cementitious materials over the long term [1]. 
However, the existing model does not cover the high temperature and the high pressure environment 
supposed to be under real CCS reservoirs. For this reason, the extension of the existing model is carried 
out in this study. The modifications are conducted by considering the physical properties of supercritical 
CO2 such as PȡT relationship, solubility relationship, and diffusion coefficient.  
 Subsequently, an experiment on the progress of carbonation is implemented to verify the accuracy of 
the proposed model. Cement paste specimens are exposed to artificially produced supercritical CO2 for 
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one week, and the carbonation depth is measured. From the comparison between the experimental and 
analytical results, the necessity of further consideration on the reaction speed and the change of the pore 
structure before and after the carbonation is pointed out as a conclusion.  
2. Highlight of the existing model 
2.1. Concept 
DuCOM consists of multiple constitutive models, such as cement hydration, micro-structure 
formation, moisture transport and equilibrium, CO2 transport and equilibrium, and ion equilibrium (Fig. 
1). For arbitrary mix proportion and environmental conditions, the progress of hydration, formation of 
micro-pore structure, and transport of moisture can be predicted. As to carbonation process, the 
equilibrium of ions associated with carbonation, the transport of CO2 and the carbonation reaction are 
simulated [2]. Thus, by treating the macroscopic carbonation phenomenon as the integration of 
interlinking microscopic phenomena, DuCOM can simulate the progress of carbonation under normal 
condition, such as accelerated CO2 concentration with 10% of atmospheric pressure and normal 
temperature.  
 
      Fig. 1 Outline of DuCOM        Fig. 2 Assumption of the state of CO2 in pores 
2.2. Computation method 
This study focuses on the CO2 transport and equilibrium model. The basic assumption in the existing 
model is that the CO2 which exists in pores is gaseous or dissolved phase as shown in Fig. 2. Note that 
pores herein involve the sum of the capillary pores and the gel pores which can act as transport paths, or 
the locations for carbonation reaction. Interlayer pores which correspond to voids between layers of C-S-
H and only accessible for a sole water molecule, are not taken into account as the pores. The calculation is 
performed by checking if the governing mass balance equation (Eq. 1) is satisfied or not at the end of 
every calculation step.  The flux of CO2 is formulated according to Fick’s law of diffusion shown as Eq. 2. 
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where, ĳ; porosity, S; degree of saturation of pores, ȡg; concentration of gaseous CO2 [kg/m3], ȡd; 
concentration of dissolved CO2  in pore water [kg/m3], JCO2 ; total flux of CO2 [kg/m2·s], QCO2; sink term 
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[kg/m3·s], Dg; effective diffusion coefficient of gaseous CO2 [m2/s], Dd; effective diffusion coefficient of 
dissolved CO2 [m2/s]. The terms of Eq. 1 except ȡg and ȡd are computed in other constitutive models and 
delivered to CO2 transport and equilibrium model. In order to unify the two unknown variables ȡg and ȡd, 
ideal gas law (Eq. 3) and Henry’s law (Eq. 4) are assumed. For the sake of simplicity, those two 
relationships are called PȡT relationship and solubility relationship respectively.  
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where, PCO2; pressure of gaseous CO2 [Pa], R: gas constant [J/mol·K] (= 8.31 [J/mol·K]), T; temperature 
[K], MCO2; molecular weight of CO2 [kg/mol] (= 0.044 [kg/mol]), nH2O; moles of water in the unit volume 
of solution [mol/m3] (= 5.56×104 [mol/m3]), HCO2; Henry’s constant for CO2 [Pa/mol fraction]. By 
utilizing the PCO2 as a parameter, these two relationships are coalesced to unify those two variables to ȡd. 
3. Model modification 
3.1. Modification Concept 
The temperature and the pressure of CO2 in real CCS sites are estimated to be around 40 to 200°C and 
10 to 20 MPa respectively. Therefore, assumptions of the existing model are no longer valid under this 
environmental condition. For example, ideal gas law has to be replaced because supercritical CO2 is 
widely different from ideal gas. Furthermore, Henry’s law should also be altered as it is not applicable for 
such a high pressure situation. In addition, the diffusion coefficient of gaseous CO2 has to be extended to 
supercritical region. Therefore, these three points are modified in this study.  
3.2. PȡT relationship 
A comparison between the PȡT relationship of CO2 acquired from an experiment by Span and 
Wagner in 1996 (solid line) [3] and ideal gas law (dotted line) is shown in Fig. 3 left. It can be found that 
ideal gas law is not successful in expressing the actual behavior of CO2 such as the drastic increase of 
concentration at the vicinity of the critical point. Therefore, Soave Readlich Kwong equation (SRK 
equation) (Eq. 5) is adopted in the proposed model as a PȡT relationship which can properly describe the 
property of non-ideal gas at high temperature and high pressure region [4]. 
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where, v; partial molar volume [m3/mol]. SRK equation is a kind of Van der Waals equations. Van der 
Waals equation takes into consideration the effect of molecular volume and intermolecular force. 
Molecular volume takes up the available space for the molecular, which results in the increase of collision 
frequency between molecules and the wall of container - namely the increase of pressure. This effect is 
expressed by constant b. Resultant Intermolecular force draws the molecule which exists at the vicinity of 
wall to the internal direction. In consequence, the collision speed of molecules decreases, which results in 
the decrease of pressure. This effect is expressed by constant a. In addition, SRK equation takes into 
account the temperature dependence of the intermolecular force by Į. Those additional considerations 
give a reasonable reproducibility of the actual PȡT relationship of carbon dioxide shown in Fig. 3 right.  
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Fig. 3 PȡT relationship in the existing model (left) and in the proposed model (right) 
3.3. Solubility relationship 
Henry’s law means that the solubility of gas into the liquid is in proportion to the partial pressure of 
dissolving gas. However, it should be pointed out that it only makes sense when the pressure and the 
solubility of gas are relatively low. Therefore, Henry’s law is not successful in expressing the tendency of 
experimental data by Spycher et al. in 2003 [5] at high pressure region as shown in Fig. 4 left. Therefore, 
a simple bilinear approximation (Eq. 6 & 7) is adopted in the proposed model. The slope and the bending 
points of the lines are determined by fitting the experimental data. 
 
2COd
PT  EDU                                                     (ȡd  50)                                                                (6) 
 
 
22
50103.5 7 COCOd PTP u 
 EDU                 (ȡd  50)                                                                (7) 
 
in which Į = -1.231×10-7, ȕ = 4.993×10-5. Fig. 4 right shows the comparison between experimental data 
and the bilinear approximation assumed in the proposed model. Even though high accuracy is not well 
satisfied, it successfully reproduces the tendency at high pressure region. 
Fig. 4 Solubility relationship in the existing model (left) and in the proposed model (right) 
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3.4. Diffusion coefficient of gaseous carbon dioxide 
In the existing model, the diffusion coefficient of gaseous CO2 is assumed to be constant with regard to 
pressure. This is because the anticipated maximum partial pressure of carbon dioxide is not more than 
several tens percent of atmospheric pressure, and therefore the CO2 is always gaseous phase. On the other 
hand, the experimental data investigated by P. Etesse et al. in 1992 [6] shows that the diffusion coefficient 
of CO2 largely decreases as pressure increases as shown in Fig. 5 left. In order to reproduce the tendency 
of the actual experimental data, a correlation equation (Eq. 8) is adopted in the proposed model. 
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where, Dg0; diffusion coefficient of gaseous CO2 in free space [m2/s]. The value of constant (= 2.00×10-5) 
is determined by fitting the experimental data. It has to be noted here that Dg0 is the diffusion coefficient 
in free space. In order to make it applicable to the diffusion phenomenon in the hardened cement matrix, 
the tortuosity and connectivity of pores are taken into account and Knudsen diffusion is assumed, whose 
detailed explanation is avoided here. Fig. 5 right shows that the decrease of diffusion coefficient at high 
pressure region is reliably reproduced by the Eq. 8. 
 
Fig. 5 Diffusion coefficient in the existing model (left) and in the proposed model (right) 
4. Experiment 
4.1. Purpose and outline 
The purpose of the experiment is to investigate how deep supercritical CO2 ingresses into cement paste 
specimens and to compare the acquired result with the analytical result by proposed model. Furthermore, 
depth of carbonation under the accelerated CO2 condition is also measured in order to know how it differs 
from that under supercritical CO2 condition. The partial pressure of CO2 and temperature are 0.01 MPa 
and 20 °C under accelerated CO2 condition, while they are 10MPa and 100 °C under supercritical CO2 
condition. Class G-HSR Oil Well Cement (OWC) and Ordinary Portland Cement (OPC) are used for 
cement paste cylindrical ĳ5 × 10 specimens. The W/C is decided on 44% in accordance with the 
American Petroleum Institute (API) specification for OWC. Specimens are casted and cured for 7 days 
with sealed curing. Subsequently, they are exposed to CO2 under accelerated or supercritical condition for 
56 days and 7days respectively. After the exposure, they are cut along rectangle or circular cross section, 
and carbonation depth is measured by 1% Phenolphthalein Solution. As to specimens exposed under 
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accelerated CO2 condition, carbonation tests are performed 10 days, 20 days, 30 days and 56 days after 
exposure, whereas 1day, 4days and 7days after exposure as to specimens exposed to supercritical CO2.  
4.2. Experimental procedure 
Much attention is paid in order to obtain uniform specimens. For example, a viscosity agent 
manufactured by Kao Corporation is added for all the specimens to prevent bleeding. Subsequently, 
specimens are sealed with cellophane and cured for 7days at 20 °C. After the curing period, about 5mm 
from surface and bottom of specimens are polished by grinder machine in order to get rid of the bleeding. 
Then, epoxy resin is spread on the side of the specimens in order to limit the direction of carbonation to 
the vertical direction. 1 day after first coating, specimens are coated again with epoxy resin to enhance the 
sealing ability. After the second epoxy resin is dried, the exposure is started. The accelerated CO2 
condition is controlled by accelerated carbonation machine, and supercritical CO2 condition is reproduced 
and maintained by supercritical carbon dioxide testing apparatus whose simple scheme is shown in Fig. 6. 
 
Fig. 6 Schematic expression of supercritical CO2 testing machine 
 
The operation of the supercritical CO2 testing machine is described as follows. A specimen is enclosed 
into the reaction chamber. Then, CO2 is introduced to the reaction chamber as slowly as possible until the 
pressures inside the gas tank and the reaction chamber reach equilibrium at around 6MPa. Subsequently, 
the temperature inside the reaction chamber is raised until 100°C. The pressure inside reaction chamber 
rises up to around 8MPa along with the raise of temperature because the thermal motions of molecules 
become vehement. Finally, the inadequate pressure is compensated by booster pump. After the 
temperature and the pressure reaches 100°C and 10MPa respectively, leakage check is performed at all 
the joint parts of the apparatus with gas leakage detection spray. If some leakage is detected, the joint part 
is retorqued. During the exposure period, slight leakage of CO2, about 0.5MPa in 1day for instance, is 
sometimes observed. In such cases, CO2 is compensated by booster pump. After the exposure period, the 
pressure is released slowly over 3 hours so as not to introduce micro-crack due to rapid depressurization. 
5. Result and verification 
Examples of the carbonation progress measured by Phenolphthalein are shown in Fig. 7. The left 
picture represents the case exposed for 30 days under accelerated condition, while the right picture shows 
the case exposed for 7 days under supercritical condition. 
5736   Hiroaki Minoo and Tetsuya Ishida /  Energy Procedia  37 ( 2013 )  5730 – 5737 
Fig. 7 Progress of carbonation 30days after exposure under accelerated condition (left) and 7days after exposure 
under supercritical condition (right) 
 
When two pictures above are compared, it is found that the front of carbonation is relatively uniform 
as to the specimen exposed under accelerated CO2 condition, while it is scattering as to that exposed 
under supercritical CO2 condition. It implies that the microscopic and localized defects or pores which 
give no influence on the carbonation under accelerated CO2 condition, contribute to the mass transport 
under supercritical CO2 condition. Here, as a comparison with analytical results, the maximum depth of 
carbonation from the exposure surface is captured. The comparison is shown in Fig. 8.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8 Comparison between experimental and analytical results under accelerated CO2 condition (left) and 
supercritical CO2 condition (right) 
 
Fig. 8 left shows that the proposed model can trace the experimental data faithfully under accelerated 
CO2 condition. Fig. 8 right, however, shows that it substantially underestimates that under supercritical 
CO2 condition. The underestimation may be attributed to the assumption on the change of the porosity 
due to the carbonation. In the existing model, it is assumed that the precipitated calcium carbonate 
occupies the capillary pores, hence the porosity of the carbonated part decreases. This assumption, 
however, may not be valid under supercritical CO2 condition because the solubility of the precipitated 
calcium carbonate into the pore water becomes very high at such a high pressure. In consequence, the 
dissolution of calcium carbonate is accelerated. An experimental result by Kutchko et al in 2007 [7] also 
insists that the outermost layer has significant increase in porosity due to carbonation caused by 
supercritical CO2. To verify this hypothesis from analytical point of view, a revised model in which all the 
precipitated calcium carbonate is assumed to dissolve into the pore water, and makes no contribution for 
the densification of pore structure, is developed. Fig. 9 shows the result of analysis by the revised model. 
The revised model is relatively successful in reproducing the experimental data. 
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Fig. 9 Verification by revised model 
 
However, it has not been confirmed yet that the underestimation is attributed only to the change of 
pore structure. Although the analytical verification shows one possibility of the causes, it is inappropriate 
to conclude definitely because detailed observation of the pore structure has not been performed yet. In 
addition, as to the reason why the carbonation depth has high scattering, further investigation on the 
reaction mechanism and the balance between the diffusion and reaction speed of carbonation is necessary. 
6. Conclusion 
1) Physical properties of supercritical CO2 are modeled additionally to the existing model. 
2) Proposed model successfully simulated the progress of carbonation under accelerated CO2 condition. 
3) Based on the verification from analytical point of view, the necessity of further investigation on the 
change of pore structure accompanying carbonation is shown.  
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